Introduction {#Sec1}
============

Marine sediments harbour a microbial ecosystem that vertically extends into the seafloor for more than two kilometres in certain regions of the World Ocean^[@CR1]^. It has been estimated that this ecosystem contains a total of 2.9--5.4 × 10^29^ vegetative cells^[@CR2],\ [@CR3]^, the biomass of which is about equal to all microbial biomass in the ocean water^[@CR2]--[@CR4]^. It appears that an equal amount of (dormant) bacterial endospores resides in the seabed^[@CR5],\ [@CR6]^.

The microorganisms in this deep, buried biosphere feed on organic compounds deposited from the surface photosynthetic world. A steep decline in energy availability with depth in the seabed poses a strong constraint on the community size and metabolic rate of subsurface microorganisms. Consequently, microorganisms in the deep seabed metabolize at extremely low rates^[@CR5]--[@CR8]^.

Metabolic activity and cell growth in the deep biosphere are, however, poorly understood. It is unclear, for example, whether the majority of deeply buried microorganisms (*i*) adapts to the low energy flux and thrives under balanced conditions over millions of years with an equilibrated number of cell divisions and cell deaths, or (*ii*) is dormant (spending energy only for maintaining the most essential biomolecules and functions), while a minor subset is active.

In this study, we calculated average turnover times of sub-seafloor microbial biomass in marine sediments using an extensive dataset of sedimentary total and stereo-isomeric amino acid concentrations, vegetative cell numbers, and endospore numbers. Specifically, we combined the experimental data with an improved version of the D:L-amino acid model, which is a mathematical model that has recently been developed to assess microbial activity in subsurface, low-activity environments^[@CR5]^.

Together with data on the total nitrogen (TN) concentrations in the sediments, the data on the amino acid concentrations were also used to evaluate the quality of marine sedimentary organic matter by the established diagenetic indicator %T~AA~N, which is the fraction of TN present as amino acid-nitrogen (THAA-N)^[@CR9],\ [@CR10]^.

New data are presented from four sediment cores located in the Greenlandic Labrador Sea, the Greenlandic Godthåbsfjord, the Iceland Basin and the Faeroe Bank (Suppl. Fig. [S1](#MOESM1){ref-type="media"} and Suppl. Table [S1](#MOESM1){ref-type="media"}). Recalculation of previously published data is included from three stations at the Peru Margin^[@CR5]^ and two stations in Aarhus Bay, Denmark^[@CR6]^ (Suppl. Fig. [S1](#MOESM1){ref-type="media"} and Suppl. Table [S1](#MOESM1){ref-type="media"}). The depositional ages of the studied sediments range from a few decades to millions of years.

With this study, we improved a recently developed mathematical model and used new, better-constrained numerical values of the model's input parameters to estimate microbial turnover times in the energy-limited marine deep biosphere.

Results {#Sec2}
=======

Abundance of vegetative cells and bacterial endospores, and relative abundance of Bacteria {#Sec3}
------------------------------------------------------------------------------------------

On a double logarithmic scale, the number of vegetative cells decreased roughly linearly with depositional age of the sediment from about 10^9^ vegetative cells per gram dry weight (gdw^−1^) sediment to 10^6^ vegetative cells gdw^−1^ sediment (Fig. [1a](#Fig1){ref-type="fig"}). Endospore numbers, estimated from the concentration of dipicolinic acid (DPA), decreased only slightly throughout all sediment cores with a mean abundance of 1.6 × 10^7^ endospores gdw^−1^ sediment (Fig. [1b](#Fig1){ref-type="fig"}).Figure 1Abundance of vegetative cells (**a**) and bacterial endospores (**b**) versus sediment age. Vegetative cell abundance was determined from epifluorescence microscopy. Endospores were quantified from the bacterial endospore marker dipicolinic acid (DPA). Vegetative cell counts for samples from the Labrador Sea and the Godthåbsfjord were first published in ref. [@CR73]. Vegetative cell counts for samples from Aarhus Bay and the Peru Margin are taken from refs [@CR6] and [@CR33], respectively. Endospore data for the Peru Margin and Aarhus Bay are taken from refs [@CR5] and [@CR6], respectively. The unit 'per gram dry weight sediment' is abbreviated with 'gdw^−1^ sed'. Note the logarithmic scales on all axes.

The relative abundance of Bacteria (calculated from qPCR-based quantification of 16S rRNA gene copies in DNA extracted from the sediments as the abundance of Bacteria over the abundance of Bacteria plus Archaea) in the cores from the Labrador Sea (SA13-ST3-20G), the Godthåbsfjord (SA13-ST6-40G) and the Iceland Basin (DA12-11/2-GC01) were between 40% and 80% (Suppl. Fig. [S2](#MOESM1){ref-type="media"}). At the Faeroe Bank site DA12-11/2-GC03, the relative abundance of Bacteria was near-constant around 40% and reached 60% in the youngest and the two oldest samples. For the sediment cores at the sites M1 and M5 in Aarhus Bay, and sites 1227, 1229 and 1230 from the Peru Margin, no qPCR data were available. For those cores, we assumed equal contributions of Bacteria and Archaea as recently suggested^[@CR11]^.

Concentrations of THAA-N and TN {#Sec4}
-------------------------------

Concentrations of sedimentary total hydrolysable amino acid-nitrogen (THAA-N) rapidly decreased during the first 10,000 years of burial from up to 100 µmol gdw^−1^ sediment to \<10 µmol gdw^−1^ sediment (Fig. [2a](#Fig2){ref-type="fig"}). This was followed by a slow decrease to \~1 µmol THAA-N gdw^−1^ sediment in 10 million-year-old sediment.Figure 2Sedimentary concentrations of total hydrolysable amino acid-nitrogen (THAA-N) and total nitrogen (TN). (**a**) Concentrations of sedimentary THAA-N determined from HPLC analyses of amino acids. (**b**) Concentrations of total nitrogen in the sediment. (**c**) The fraction of total nitrogen present as amino acids (%T~AA~N). The unit 'per gram dry weight sediment' is abbreviated with 'gdw^−1^ sed'. Note that sediment ages are on logarithmic scales. Inserts in (**a**) and (**c**) have linear age scales for better comprehension of the time dimensions.

With the exception of the cores from the Peru Margin, concentrations of total nitrogen (TN) decreased with age from about 400 µmol gdw^−1^ sediment to \<50 µmol gdw^−1^ sediment (Fig. [2b](#Fig2){ref-type="fig"}). In the organic-rich cores from the Peru Margin, TN was high and varied between 200 and 400 µmol gdw^−1^ sediment.

THAA-N as mole-% of TN (%T~AA~N) is generally recognized as an indicator for the degradation state of organic matter^[@CR9],\ [@CR10]^. In young sediment (0--10,000 years), the %T~AA~N rapidly decreased from up to 40% to \~10% (Fig. [2c](#Fig2){ref-type="fig"}). In older sediment (up to 10 million years), there was a slow but continuous decrease to values \<0.2%.

The concentrations of THAA-N in microbial bio- and necromass (the sum of which is the sedimentary THAA-N) were estimated based on measurements on vegetative cell and endospore abundances and literature conversion factors for the cellular content of THAA-N (see Methods Summary for details on how the calculations were performed). The pool of THAA-N in microbial necromass was 2--3 orders of magnitude larger than that in microbial biomass (Suppl. Fig. [S3](#MOESM1){ref-type="media"}). Its concentration was only marginally lower than the total sedimentary THAA-N, demonstrating that \>95% of total sedimentary THAA-N consists of microbial necromass.

A more detailed assessment of the relative abundance of THAA-N in necromass and vegetative cells is shown in Fig. [3](#Fig3){ref-type="fig"}. On a double logarithmic scale, the ratio between THAA-N in necromass and vegetative cells increased linearly with age from \~100 to \~7,000. Note that endospores were not included in this calculation.Figure 3Ratio between THAA-N in microbial necromass and biomass (vegetative cells only). The fraction of THAA-N derived from microbial necromass increases with age relative to that derived from vegetative cells. Note that the concentrations of THAA-N in vegetative cells and necromass were not measured directly, but calculated based on measurements on vegetative cell and endospore abundances and literature conversion factors for the cellular content of THAA-N (see Methods Summary for details on how the calculations were performed). Regression lines show necromass:vegetative cell biomass ratio versus sediment age (solid line; log~10~(necromass:vegetative cell biomass) = 1.405 × log~10~(sediment age) + 0.343, *N* = 98, *R* ^2^ = 0.76, *P* \< 0.0001, least squares analysis) and 95% prediction interval (dashed lines). Open circles denote data points that have been removed from regression analysis (e.g. outliers, sulphate-methane transition zones). Note that sediment age is shown on a logarithmic scale. Colour legend is the same as for Figs [1](#Fig1){ref-type="fig"} and [2](#Fig2){ref-type="fig"}.

On a double logarithmic scale, the abundance of vegetative cells was roughly linearly correlated with the concentrations of THAA-N (*R* ^2^ = 0.54) (Suppl. Fig. [S4](#MOESM1){ref-type="media"}).

Occurrence of L-Asp and D:L-Asp ratios {#Sec5}
--------------------------------------

Concentrations of L-aspartic acid (L-Asp) decreased rapidly from up to 12 µmol gdw^−1^ sediment to \~0.2 µmol gdw^−1^ sediment during the first 10,000 years of burial (Fig. [4a](#Fig4){ref-type="fig"}). This was followed by a slow but further decrease to values \< 0.02 µmol gdw^−1^ sediment in million-year-old sediment. Throughout all cores, there was a general increase in the abundance of D-Asp relative to L-Asp with increasing sediment age (Fig. [4b](#Fig4){ref-type="fig"}). From the youngest to the oldest samples, the D:L-Asp ratios increased by an order of magnitude from \<0.05 to 0.4. The ratios were, however, generally lower than those that would have resulted from pure racemization kinetics (Fig. [5](#Fig5){ref-type="fig"}), suggesting that microorganisms continuously degrade the partly racemized old necromass and synthesize new L-amino acids. The balance between abiotic chemical racemization and biological turnover of Asp was then calculated using the D:L-amino acid model^[@CR5]^, which provides estimates on the turnover times of microbial bio- and necromass and on amino acid-carbon (THAA-C) oxidation rates.Figure 4Occurrence of L-Asp and D:L-Asp ratios. (**a**) Total concentrations of L-Asp. (**b**) D:L-Asp ratios increase with age of the sediment. The unit 'per gram dry weight sediment' is abbreviated with 'gdw^−1^ sed'. Note that sediment ages are on logarithmic scales. Figure 5Balance between abiotic racemization and biological turnover of Asp. Ratios of D:L-Asp in the sediment (colored circles) are higher than that of pure vegetative cell biomass (green lines, D:L-Asp ratio = 0.014)^[@CR15]^, but lower than those predicted from pure chemical racemization (blue lines)^[@CR12],\ [@CR13]^. In very old sediments (\>10^5^ years), D:L-Asp ratios are between 0.3 and 0.4, whereas pure racemization would have led to a ratio of 1.0.

Microbial turnover times and THAA-C oxidation rates {#Sec6}
---------------------------------------------------

Our new and revised estimates of the turnover times of microbial biomass and necromass in marine sediments showed that necromass amino acids are recycled over hundreds to thousands of years (Fig. [6a](#Fig6){ref-type="fig"}). These turnover times were short relative to the age of the sediment. Generally, the necromass turnover times slowly increased with sediment age. With only a few hundreds of years, the necromass turnover times at site 1229 at the Peru Margin were the shortest among the studied cores.Figure 6Model-estimated carbon oxidation rates and turnover times of microbial bio- and necromass. (**a**) D:L-amino acid model-estimated turnover times of vegetative cells (circles) and necromass amino acids (triangles) in the seabed. (**b**) Model-estimated oxidation rates of amino acid-carbon (THAA-C) in the samples. The unit 'per gram dry weight sediment per year' is abbreviated with 'gdw^−1^ sed yr^−1^'. Note that sediment ages are on logarithmic scales. Insert in (**b**) has a linear age scale for better comprehension of the time dimensions.

The turnover times of vegetative microbial cells were in the order of years to decades, with maximum values of \~120 years (Fig. [6a](#Fig6){ref-type="fig"}). Most of these biomass turnover times were scattered between values of a few years to a few decades. Exceptions were Aarhus Bay M1, which showed very short turnover times of \<1 year, and the cores from the Peru Margin, which showed surprisingly short biomass turnover times of \<1 to \~17 years.

Using the D:L-amino acid model, we calculated the oxidation rates of the total amino acid-carbon (THAA-C) in the samples according to equation (27) in the Supplementary Information. These rates decreased from up to 200 nmol gdw^−1^ sediment year^−1^ to \<10 nmol gdw^−1^ sediment year^−1^ in million-year-old sediment (Fig. [6b](#Fig6){ref-type="fig"}). The steepest decrease in THAA-C oxidation rates with sediment age was in samples \<10,000 years old.

In this study, we used new data for four input parameters of the D:L-amino acid model, and the model itself was improved by including the racemization back reaction of D- to L-Asp. The effects of these modifications are described below.(i)We here used a racemization rate constant of Asp, k~i(Asp)~, for protein-bound amino acids^[@CR12],\ [@CR13]^, which is about an order of magnitude higher than that for free amino acids used in the initial studies^[@CR5],\ [@CR6]^. The k~i(Asp)~ has an inverse linear relationship to both the necromass turnover time, T~NM~, and the biomass turnover time, T~b~. In other words, increasing the k~i(Asp)~ by 10-fold reduces the turnover times of bio- and necromass each by 10-fold. The k~i(Asp)~ has a direct linear relationship with the THAA-C oxidation rates, r~THAA-C~.(ii)We used a cell-specific THAA-C content for sub-seafloor microorganisms of 1.03 fmol cell^−1^ (ref. [@CR14]), which is \~4 times lower than that used in the previous studies^[@CR5],\ [@CR6]^. The cell-specific THAA-C content has a direct linear relationship with T~b~. The \~4 times lower cell-specific THAA-C content has therefore resulted in \~4 times shorter biomass turnover times. In contrast, the effect of the cell-specific THAA-C content on T~NM~ and r~THAA-C~ was negligible.(iii)We used a cell-specific D:L-Asp ratio of sub-seafloor microorganisms of 0.014 (ref. [@CR15]) instead of 0.086 (refs [@CR5] and [@CR6]). This increased the T~b~ and T~NM~ by a factor of 1.2--2.8. In contrast, the r~THAA-C~ was reduced by 20--60%.(iv)It turned out that the fraction of Bacteria over Bacteria + Archaea has negligible effects on T~b~, T~NM~ and r~THAA-C~.(v)Including the racemization reaction from the D- to the L-form of Asp into the model reduced the degradation rate of microbial necromass by 20--45%. Therefore, T~NM~ and T~b~ increased by a factor of up to \~2, while r~THAA-C~ decreased by a factor of up to \~2.

Discussion {#Sec7}
==========

Endospores in marine sediments {#Sec8}
------------------------------

The detection of endospores in marine sediments was until recently limited to cultivation-dependent techniques after sample pasteurization, e.g. refs [@CR16] and [@CR17]. However, these techniques have been shown to underestimate endospore abundance by at least three orders of magnitude^[@CR18]^. New culture-independent approaches have been developed to quantify bacterial endospores^[@CR18],\ [@CR19]^. Based on the quantification of DPA, we showed that endospore abundance in the studied marine sediments decreased only slightly over millions of years with a mean value of 1.6 × 10^7^ endospores gdw^−1^ sediment.

The half-life of endospores in cold marine sediments has so far been estimated for thermophilic endospores only^[@CR20]^. The authors reported half-lives of \~300 years based on the slope of decrease in endospore abundance within 4500 years of burial in Aarhus Bay sediment. Since we here report a near-constant number of endospores over millions of years of burial, these endospores must either have sustained with half-lives far longer than the 300 years estimated by ref. [@CR20], or the endospore abundance must be controlled by a dynamic balance between germination and sporulation during burial.

Pools of THAA-N and quality of buried organic matter {#Sec9}
----------------------------------------------------

THAA-N in vegetative cells, bacterial endospores, and microbial necromass was quantified to estimate the contribution of microbial necromass to total sedimentary amino acids and total organic matter. Our data showed that amino acids in microbial necromass are the dominating component of total sedimentary amino acids. With the exception of the sulphate methane transition zones (SMTZs) in sediments from the Peru Margin, microbial necromass accounted for \>95% of total THAA-N.

The %T~AA~N decreased with depositional age, indicating a gradual shift in the balance between microbial amino acid consumption and production towards consumption (Fig. [2c](#Fig2){ref-type="fig"}). This is because total uncharacterized organic matter typically becomes more and more recalcitrant with age^[@CR21]--[@CR23]^, while amino acids remain a labile, more degradable component of total organic matter, e.g. refs [@CR24] and [@CR25]. It was reported that sinking particles are more depleted in THAA-N than plankton^[@CR26]^, especially when they are incorporated into the sediment^[@CR24],\ [@CR25],\ [@CR27]^. This shows that the preferential degradation of amino acids over total organic matter already starts in the water column and that total organic matter becomes progressively depleted in amino acids with increasing age. Hence, deeply buried microorganisms need to break down an increasing proportion of lower-quality compounds to gain energy. Consistent with this notion, we found a power law relationship between the concentrations of vegetative cells and THAA-N (Suppl. Fig. [S4](#MOESM1){ref-type="media"}). This probably indicates that the microbial community size is controlled by the concentrations of amino acids and other high-quality (more degradable) organic compounds rather than by the total concentration of uncharacterized organic matter.

Amino acid racemization modelling of microbial activity {#Sec10}
-------------------------------------------------------

The D:L-Asp ratio in the sediments gradually increased with age (Fig. [4b](#Fig4){ref-type="fig"}) as the predominant L-form in necromass amino acids was slowly converted towards an equilibrium 1:1 mixture of the D- and the L-form by random abiotic racemization^[@CR28]^. However, the D:L-Asp ratios presented here were lower than those that would have resulted from pure racemization kinetics (Fig. [5](#Fig5){ref-type="fig"}). This shows that there is a continuous turnover of necromass amino acids. Microorganisms continuously degrade the partly racemized old necromass and synthesize new L-amino acids. Microorganisms may also rebuild proteins directly from the necromass amino acids^[@CR29]^. For this, D-amino acids need to be converted into L-forms by racemases^[@CR30]^. The continuous reworking of the necromass pool pulls the sedimentary D:L-Asp ratio away from the equilibrium ratio that would otherwise result from pure abiotic racemization (Fig. [5](#Fig5){ref-type="fig"}). As a consequence, it is not possible to use amino acid enantiomeric ratios for geochronology^[@CR25],\ [@CR31],\ [@CR32]^. The ubiquity of microbial life in marine sediments means that D:L-amino acid ratios are always influenced by microbial decomposition and bacterially-derived organic matter^[@CR12]^. For example, the D:L-Asp ratio at site 1230 from the Peru Margin is \~0.4 at a sediment age of \~175,000 years. When we calculate the sediment age based on the sedimentary D:L-Asp ratio (0.4), the D:L-Asp ratio in pure biomass (0.014)^[@CR15]^, the *in-situ* sediment temperature (2.4 °C)^[@CR33]^, and the corresponding k~i(Asp)~ (2.9 × 10^−5^)^[@CR12],\ [@CR13]^ according to the formulation presented in ref. [@CR28], the sediment age would be \~14,000 years, which is more than ten times less than the actual age of the sediment. These results clearly indicate that biological processes are interfering with pure chemical racemization of L- and D-Asp in the sediment.

Our new and revised estimates of the turnover times of microbial biomass and necromass in marine sediments showed that the pool of microbial necromass is dynamic. There is a constant production of necromass from the decay of the vegetative population and at the same time a degradation of necromass delivering energy and nutrients to the active microbial population. The necromass turnover reported here was two orders of magnitude faster than our previous estimates^[@CR5],\ [@CR6]^, highlighting the influence of microbial activities on element cycling over geologic time scales.

The turnover times of vegetative microbial cells were much longer than typical doubling times of microorganisms in laboratory cultures (hours to days, Fig. [6a](#Fig6){ref-type="fig"}) or other nutrient-rich environments^[@CR34]^. However, the recalculated turnover times for the cores from Aarhus Bay and the Peru Margin were up to two orders of magnitude shorter than the initial estimates^[@CR5],\ [@CR6]^. This is mainly due to the use of a racemization rate constant for protein-bound amino acids instead of free amino acids. Protein-bound amino acids racemize about an order of magnitude faster than free amino acids^[@CR35]--[@CR37]^. Since the D:L-Asp ratios in the marine sediments were lower than those that would have resulted from pure racemization kinetics, microbial reworking of Asp in necromass must proceed on timescales shorter than those predicted from the racemization rate constant of Asp at the *in-situ* temperatures. The racemization rate constants for several (protein-bound)-amino acids including Asp has recently been determined at elevated temperatures using whole sediment from Aarhus Bay^[@CR12],\ [@CR13]^. The rates were then extrapolated to the low *in-situ* temperatures (1--16 °C) of the studied sediment cores. The majority of amino acids in marine sediments are protein-bound^[@CR38]--[@CR40]^. For example, in the million-year-old sediments from the Peru Margin, dissolved free amino acids measured in pore water were \<1% of THAA^[@CR40]^. We therefore concluded that it was appropriate to use a racemization rate constant for protein-bound amino acids in marine sediments for our samples. Notably, the racemization rate constant for Asp used in this study was similar to that reported for other environments at similar temperatures, e.g. refs [@CR41]--[@CR43].

The cell-specific carbon content used in this study was approximately four times lower than that used in the initial estimates, which further reduced the turnover times. The available data on subsurface cellular microbial biomass is limited, but consistently suggest that the deep biosphere harbours low-biomass microorganisms. We used a cell-specific THAA-C content of 1.03 fmol cell^−1^, determined for sub-seafloor microbial cells from the Baltic seabed. By assuming that amino acids contained 55% of total cell carbon^[@CR44]^, this number translated into a total cell-specific carbon content of 23 fg C cell^−1^. Using the same approach, ref. [@CR15] reported a calculated cell-specific carbon content of microorganisms in marine sediment in the Labrador Sea of 19 fg C cell^−1^. Based on cell volumes determined by fluorescence microscopy for sediment samples from the oligotrophic South Pacific Gyre, ref. [@CR2] estimated that the cells had a mean cell-specific carbon content of 14 fg C cell^−1^ (the conversion from volumes to carbon contents was established from relationships between cell size and protein content of pelagic bacteria)^[@CR45]^.

Based on these data, we conclude that it is appropriate to use a lower cell-specific carbon content (23 fg C cell^−1^) than that used in the initial estimates (\~88 fg C cell^−1^)^[@CR5],\ [@CR6]^.

Finally, the inclusion of D- to L-Asp racemization in the model further enhanced the calculated turnover by a factor of up to 2.

The biomass turnover times in the studied sediment cores vary by up to two orders of magnitude between sites. This is mainly due to the different temperatures at the sites. Higher temperatures translate into higher racemization rate constants, reducing the turnover times in our model calculations. The sediment core from the Godthåbsfjord showed the longest biomass turnover times, consistent with its low bottom-water temperature of \~2 °C (the lowest mean temperature of the studied cores). At the other end of the spectrum were the cores from the Peru Margin, which had *in-situ* temperatures of up to 16 °C. The high amount of TN (and organic matter in general) in these cores seems to provide sufficient energy for increased microbial activity. While bottom-water temperatures of \~7 °C were recorded at both sites in the Aarhus Bay, they showed biomass turnover times that differed by one order of magnitude. At Aarhus Bay Station M1, cell abundance was about an order of magnitude lower than at Station M5, while the other model input parameters had similar numerical values. Apparently, the fewer cells at Station M1 seem to be as efficient as the total cells at Station M5 in keeping the D:L-Asp ratio lower than that expected from pure chemical racemization. For that, because they are lower in number, they have to have a faster turnover than the cells at Station M5.

Our biomass turnover times from the Peru Margin sites 1227 and 1230 of 1--17 years are close to those by ref. [@CR46], who reported turnover times for the same sites of 0.25--7 years based on sulphate reduction measurements and global estimates of carbon fluxes. In contrast, ref. [@CR47] calculated biomass turnover times in SMTZs from the Peru Margin of \~100--2,000 years based on ecosystem-level carbon budgets. These highly different results were, however, derived from very different assumptions and different parts of the sediment column. For example, the assumed growth efficiencies differed by 10--50 fold, and in ref. [@CR47] only samples from SMTZs were used. Furthermore, areal metabolic rates were calculated per m^2^ by ref. [@CR46], but per cm^2^ by ref. [@CR47]. Since the metabolic activity of microorganisms is typically highest at the sediment surface, using areal activity rates per m^2^ will result in average cumulative rates that are higher than those obtained by using areal activity rates per cm^2^.

The D:L-Asp profiles and the relatively short vegetative cell turnover times shown here have several implications and raise questions: first, they illustrate that sub-seafloor microbial communities play an important role in the "recycling" of necromass amino acids. Since major elements such as sulphur and nitrogen are involved in many of the microbially mediated redox reactions^[@CR48]^, deeply buried microorganisms are substantially influencing the global element cycles^[@CR3],\ [@CR48],\ [@CR49]^. Second, could the fast vegetative cell turnover times be driven by the lytic cycle of virus infections? A recent study indicated active phage-host interactions with both Bacteria and Archaea in the deep seabed^[@CR50]^. Could the relatively large amount of microbial necromass (compared to biomass) in the sediment be a result of virus-mediated lysis of vegetative cells that eventually releases organic compounds back into the microbial loop? We cannot answer these questions here, but they will be a point of future investigations. Third, the short vegetative cell turnover times resulted in high carbon oxidation rates, which raises questions about how microorganisms are able to oxidise the increasing proportion of recalcitrant uncharacterized organic matter in the deep seabed.

Because of the energy loss (e.g. as heat) intrinsic to metabolic energy conservation reactions^[@CR51]--[@CR53]^, the energy and nutrients obtained from the degradation of THAA-C cannot be completely used for cell maintenance or the conversion into new cell material. Therefore, microorganisms additionally need to degrade uncharacterized total organic carbon (TOC) to maintain a steady state community size. Since it was difficult to put a number on the amount of TOC oxidized, we showed minimum carbon oxidation rates presented by the D:L-modelled degradation rates of THAA-C (Fig. [6b](#Fig6){ref-type="fig"}). We compared the THAA-C oxidation rates accumulated with depth and age in the sediment to the surface TOC concentrations for each core. Cumulative THAA-C oxidation rates were calculated according to ref. [@CR54]. Except for the million-year-old cores from the Peru Margin, cumulative THAA-C oxidation rates for each core showed that \<30% of the surface TOC concentration of the corresponding core was oxidized. In cores from the Peru Margin, cumulative THAA-C oxidation was 10-fold higher than the surface TOC concentration. High C-oxidation rates are consistent with fast vegetative cell turnover times. However, C-oxidation rates in the samples from the Peru Margin were apparently overestimated based on the comparison between the cumulative C-oxidation rates and the actual TOC concentrations, suggesting that microbial activity is lower than estimated here. In contrast, the low D:L-Asp ratios in microbial necromass suggest relatively high microbial activity (fast turnover) (Fig. [5](#Fig5){ref-type="fig"}). The reason for this discrepancy is unclear. TOC concentrations in the samples from the Peru Margin are, however, not in steady state. Most of the sub-surface samples in the cores have higher TOC concentrations than the core's surface-most sample. Therefore, surface TOC concentrations millions of years ago may have been much different from today's. Comparing cumulative C-oxidation to the surface TOC concentrations today may thus be misleading.

We are aware that our calculations of the turnover times of microbial bio- and necromass are mean values, and one could argue that among the total microbial population only a minority of vegetative cells are highly active, whereas the majority is dormant. According to our model results, the deeply buried microorganisms in the Peru Margin have surprisingly fast turnover times of 1--17 years, comparable to surface sediments. If only a minor fraction (e.g. 1--10%) of the total vegetative cells were responsible for the fast turnover of the necromass amino acids (as indicated by the relatively low D:L-Asp ratios), the turnover times for these cells would be days to months. This is similar to the turnover times of sulphate reducing bacteria in pure culture, e.g. refs [@CR55]--[@CR58]. For the Peru Margin and possibly other subsurface environments, such fast turnover times are highly unlikely given the energy-limited conditions of the deep seabed. We therefore suggest that necromass is produced by the total microbial community rather than by a subset. The turnover of the microbial community must include cell division and cell death. If there were no production of new necromass, the total necromass amino acid pool would quickly become degraded and the D:L-Asp ratios of microbial necromass would approach 1.0 in the old sediments from the Peru Margin. Since this is not the case, the microbial population has to be in a state of dynamic equilibrium, where cell growth and division balance mortality.

In conclusion, our data show the combined result of long-term microbial degradation processes and a slowly decreasing community size. With depositional age of the sediment, the balance between microbial amino acid consumption and production gradually shifts towards consumption because amino acids (proteins and peptides) remain more degradable than the total uncharacterized organic matter, which typically becomes more and more recalcitrant with age. The community size is limited by the concentrations of sedimentary amino acids and possibly other high-quality organic compounds. We demonstrate that microorganisms in the deep seabed turn over their biomass on annual to decadal timescales, feeding on the remains of dead cells and uncharacterized total organic matter. Bio- and necromass turnover times are up to two orders of magnitude shorter than previous estimates, suggesting microbial metabolic and physiologic (pre-)adaptations to the low availability of energy^[@CR59]^. These could, for example, include an extremely low cell-specific energy demand^[@CR60]^, a small cell body size^[@CR14]^, and an enhanced, GASP (growth advantage in stationary phase)-like ability to degrade amino acids and total uncharacterized organic matter, e.g. refs [@CR61] and [@CR62].

Methods Summary {#Sec11}
===============

Sediment material {#Sec12}
-----------------

A map showing the sediment core locations and an overview of their coordinates, water depths, and core lengths can be found in Suppl. Fig. [S1](#MOESM1){ref-type="media"} and Suppl. Table [S1](#MOESM1){ref-type="media"}, respectively. Recalculation of published data was performed on samples obtained from Peru Margin ODP Leg 201^[@CR5]^ and Aarhus Bay^[@CR6]^.

New sediment cores were obtained from the following four sites: the Iceland Basin (DA12-11/2-GC01)^[@CR63]^, the Faeroe Bank (DA12-11/2-GC03)^[@CR63]^, the continental shelf in the Labrador Sea (SA13-ST3-20G)^[@CR64]^, and the fjord Kapisigdlit Kanderdluat (SA13-ST6-40G), which forms a part of the Godthåbsfjord complex in SW-Greenland^[@CR64]^.

At Iceland Basin site DA12-11/2-GC01, the measurement of the bottom water temperature was not successful, but it had previously been reported that the water temperature near this site in the Iceland Basin at \~2000 m water depth is \~3 °C^[@CR65]^. We here use 3 °C as the temperature for the racemization rate constant of Asp. The bottom water temperature at site DA12-11/2-GC03 was 7.6 °C. The bottom water temperatures at the sites SA13-ST3-20G and SA13-ST6-40G were 4.4 °C and 1.8 °C, respectively.

The age-depth relationships for all four cores are based on AMS radiocarbon measurements of mollusks (SA13-ST3-20G), marine macroalgae (SA13-ST6-40G), planktonic foraminifera (DA12-11/2-GC01 and DA12-11/2-GC03) and pteropods (DA12-11/2-GC01). All ^14^C dates were calibrated with the Marine13 radiocarbon calibration curve^[@CR66]^ and a local marine reservoir correction ΔR of 0 years, using the Oxcal v4.2 software^[@CR67],\ [@CR68]^. The radiocarbon chronologies indicate that the top of all the cores are of modern age and span the last approximately 12,500 calender years Before Present (cal. years B.P.) in core SA13-ST3-20G, 9,500 cal. years B.P. in core SA13-ST6-40G, 12,000 cal. years B.P. in core DA12-11/2-GC01, and up to 55,000 cal. years B.P. in core DA12-11/2-GC03.

Sub-samples were taken from the central part of the sediment cores with sterile cut-off syringes through windows cut into the core liners. Sediment for analysis by high-performance liquid chromatography (HPLC, \~5 cm^3^) was immediately frozen at −20 °C. Before further processing, samples were freeze-dried and homogenized by grinding in an agate mortar. Sediment for cell counting (1 cm^3^) was transferred into centrifuge tubes containing 4 ml filter-sterilized NaCl solution (30 g l^−1^) amended with 2% (v:v) paraformaldehyde. Samples were shaken to form a homogenous slurry, and then stored at 4 °C until further analysis.

Analysis of amino acids, amino sugars, dipicolinic acid, and TN {#Sec13}
---------------------------------------------------------------

These compounds were analysed for D:L-amino acid modelling of microbial activity, and for establishing the diagenetic indicator %T~AA~N and the source indicators Gly:Ser and GlcN:GalN. Concentrations of total hydrolysable amino acids and amino sugars were analysed by HPLC according to the method described by ref. [@CR69] and with the modifications described in ref. 6. Concentrations of D- and L-isomers of amino acids were analysed by HPLC following the method described by ref. [@CR70] and with the modifications described in ref. [@CR71]. The acid hydrolysis treatment of the samples deaminates asparagine (Asn) and glutamine (Gln) into aspartic acid (Asp) and glutamic acid (Glu), respectively. We do not know how much of the measured Asp and Glu was initially present as Asn and Gln, respectively, and we therefore cannot distinguish between these different forms. Asp and Glu are here equal to Asp + Asn and Glu + Gln, respectively. This has, however, no impact on the D:L-amino acid modelling results because the measurements of the Asp racemization rate constant, k~i(Asp)~, were also performed on samples that were treated by acid hydrolysis^[@CR12],\ [@CR13]^. Dipicolinic acid concentrations were analysed by HPLC and calibrated by standard additions to samples according to ref. [@CR19] with the exception that columns used were a Waters CORTECS^TM^ C18 (2.7 µm; 4.6 × 150 mm) column guarded with a Waters CORTECS® C18 (2.7 µm; 5 × 21 mm) column. Further, the concentration of Tb^3+^ added to standards and samples was increased from 5 µM to 40 µM. The concentration of DPA in each sample was calculated by the use of DPA standard addition to samples together with an unamended sample. The conversion from DPA to endospore numbers is based on the endospore specific DPA content of 2.24 × 10^−16^ mole per endospore^[@CR18]^.

Before analysis of TN (and total organic carbon, TOC, which was measured contemporaneously), any traces of inorganic C were removed by treating the sediment samples overnight with 5--6% (w/w) sulfurous acid (H~2~SO~3~) followed by oven drying at 70 °C for 24 h and at 105 °C for 1 h. Tin cups (pretreated with 1:1 hexane and acetone solution and heated to 200 °C) were used to load the sediment samples into an Elemental Analyzer (Flash EA 1112 HT, Thermo Fisher Scientific). Analysis of empty tin cups showed negligible TN and TOC. TN and TOC were estimated from five-point standard curves using flour standard containing 2.31% N and 44.39% C.

Cell enumeration {#Sec14}
----------------

This was done to assess the size of the microbial community and for D:L-amino acid modelling. For the sediment cores from the Iceland Basin, the Faeroe Bank, the Labrador Sea and the Godthåbsfjord, vegetative cells were quantified by fluorescence microscopy after the cells had been separated from the sediment matrix. The cell separation procedure was based on the protocol of ref. [@CR72] and presented in ref. [@CR73]. Briefly, the cell separation procedure consists of multiple rounds of chemical detachment (detergent mix and methanol) and mechanical detachment (sonication, 3 × 10 s at 10% power). After detachment, cells were separated from the sediment matrix by density centrifugation with Nycodenz solution (50% w/v; AXIS-SHIELD PoC AS). Cell extracts were pooled and filtered onto a black polycarbonate membrane (25 mm, GTBP, 0.2 µm-pore size) and stained with DAPI-solution. A minimum of 400 cells was enumerated on at least 12 fields of view with an epifluorescence microscope (Axiovert 200 M Zeiss, Germany). To minimize contamination (introduction of external bacteria), all materials and reagents were filter-sterilized (0.2 μm) and/or autoclaved.

Cell enumeration for samples from Aarhus Bay and the Peru Margin is described in refs [@CR6] and [@CR33], respectively.

Estimating the concentrations of THAA-N in microbial bio- and necromass {#Sec15}
-----------------------------------------------------------------------

This was done to estimate the sizes of the different THAA-N pools in the sediment. The concentrations of sedimentary total hydrolysable amino acids (THAA) were measured directly by HPLC (see above). The concentration of THAA-N was then calculated based on the number of N atoms in each of the measured amino acids. The amount of THAA-N in the total vegetative cells, in the total endospores, and in the microbial necromass (Suppl. Fig. [S3](#MOESM1){ref-type="media"}) was not measured directly but calculated as follows: subdivision of THAA-N into pools of vegetative cells and endospores was performed by multiplying microbial abundance with a cell-specific THAA-N content of 0.274 fmol cell^−1^ for both vegetative cells and endospores. This factor was derived from a cell-specific amino acid-carbon content of 1.03 fmol cell^−1^ and a C:N ratio in THAA of 3.76 (ref. [@CR14]). The concentration of THAA-N in microbial necromass was calculated from the difference between the total measured sedimentary THAA-N concentrations and the THAA-N in microbial biomass (vegetative cells + endospores). Notably, these calculations are based on the following three assumptions: (*i*) the cell-specific DPA concentration in endospores is the same independent of the site, (*ii*) the cell-specific carbon content for vegetative cells and endospores is the same independent of the site, and (*iii*) the C:N ratio in THAA of vegetative cells and endospores is the same independent of the site.

To test whether necromass amino acids were of prokaryotic origin or the remains of deposited eukaryotic detritus, we used the diagnostic ratio of the amino acids glycine and serine (Gly:Ser) (Suppl. Fig. [S5a](#MOESM1){ref-type="media"}). This ratio was shown to be a source indicator of amino acids^[@CR74]^. The Gly:Ser ratios were \>2 throughout all sediment cores and increased slightly with sediment age. Prokaryotes were shown to have a Gly:Ser ratio of \>2, while diatoms and phytoplankton have Gly:Ser ratios of \~0.7 and \~1.0, respectively (ratios are based on data from ref. [@CR74] that were compiled by ref. [@CR6]. Based on our literature research, it is possible that the phytoplankton may have included large cyanobacteria although they are prokaryotes). This indicates that the bulk of sedimentary amino acids are not of eukaryotic, but of prokaryotic origin. In addition, the low GlcN:GalN ratios (0.7--3) throughout most of the samples (in a few of the oldest samples, the GlcN:GalN ratio was up to 9, which might be a diagenetic imprint) indicate bacterial reworking of primary amino sugars (Suppl. Fig. [S5b](#MOESM1){ref-type="media"}). GlcN:GalN ratios are typically \<3 in bacteria, while marine phytoplankton and zooplankton that produce chitin (e.g. copepods) have relatively high ratios (\>14)^[@CR75]^.

DNA extraction and quantitative PCR {#Sec16}
-----------------------------------

DNA extraction and q-PCR was performed to calculate the relative abundance of Bacteria (calculated as the abundance of Bacteria over the abundance of Bacteria plus Archaea), which is an input parameter to the D:L-amino acid model. The analysis was only done on the cores from the Labrador Sea (SA13-ST3-20G), the Godthåbsfjord (SA13-ST6-40G) the Iceland Basin (DA12-11/2-GC01) and the Faeroe Bank (DA12-11/2-GC03). For the sediment cores at the sites M1 and M5 in Aarhus Bay, and sites 1227, 1229 and 1230 from the Peru Margin, no qPCR data were available. For those cores, we assumed equal contributions of Bacteria and Archaea as recently suggested^[@CR11]^.

The total nucleic acids were extracted from 0.5--1.0 g (wet weight) of sediment with a combination of enzymatic pretreatments and FastDNA©kit for Soil (MP Biomedicals)^[@CR76]^. Following these pretreatments, the FastDNA©kit was applied according to the manufacturer's instructions with an additional bead-beating step for 40 s at 50 Hz after the addition of sodium phosphate buffer and MT buffer. Quantitative PCR (qPCR) was performed on the DNA extracts to quantify the total number of bacterial and archaeal 16 S rDNA gene copies. The qPCR reaction mixture contained 10 μl of 2 × concentrated LightCycler® 480 SYBR Green I Master (Roche), 2 μl of BSA (10 mg ml^−1^), 1 μl of each primer, and 2 μl of DNA template for a total reaction of 20 μl. The amplification conditions were 30 s at 95 °C (5 min in the first cycle), 30 s at annealing temperature, 15 s at 72 °C for elongation for 45 cycles, and ended with the creation of a melting curve. The bacterial primers were Bac908F and 1075R^[@CR77]^ (annealing temperature 60 °C), and the archaeal primers were Arch915F^[@CR78]^ and Arch1059R^[@CR79]^ (annealing temperature 55 °C). Reaction and thermal cycling conditions as well as qPCR standards were described previously^[@CR80]^. Triplicate reactions were performed for each DNA extract. The relative abundance of Bacteria and Archaea was calculated from bacterial and archaeal 16 S rDNA gene copies after correction for cellular gene copy numbers. We assumed that Bacteria and Archaea have 4 and 2 copies of the 16S rDNA gene per cell, respectively^[@CR81]^.

D:L-amino acid racemization modelling of microbial activity {#Sec17}
-----------------------------------------------------------

To estimate microbial biomass and necromass turnover times as well as amino acid-carbon (THAA-C) oxidation rates, we used an improved version the D:L-amino acid model developed by ref. [@CR5]. The conceptual model and a flow chart showing the parameters of the model and their connections are shown in Fig. [7](#Fig7){ref-type="fig"} and Suppl. Fig. [S6](#MOESM1){ref-type="media"}, respectively. The model is based on the built-in molecular clock of the amino acid Asp, which due to racemization alternates between the L- and D-isomeric configurations over timescales of thousands of years at low *in-situ* temperatures. Using the model, we calculated the balance between abiotic chemical racemization and biological turnover of Asp.Figure 7Scheme of the D:L-amino acid model. Conceptual scheme showing D:L-Asp ratios in bio- and necromass as well as different pools of amino acids with indications of the amino acid-cycling between pools. Pools are microbial biomass (vegetative cells + endospores), microbial necromass (necromass amino acids) and uncharacterized buried organic matter (not amino acids). Modified after ref. [@CR5].

The model is based on the following two basic assumptions: (*i*) the microbial biomass is in quasi-steady state, and (*ii*) all Asp in microbial necromass is equally reactive.

As a consequence, the D:L-amino acid model was only applied to sediment where microbial biomass was at quasi-steady state on relevant timescales, i.e. vegetative cell abundance was relatively constant within the depth intervals used in the model. Typically, near-surface samples had to be omitted because vegetative cell abundance decreased rapidly and was therefore not in steady state. Similarly, SMTZ samples (Peru Margin) were omitted due to a steep increase in vegetative cell abundance.

To test whether all Asp in the microbial necromass is equally reactive (for example, within the necromass there could be a certain amount of Asp that is highly reactive and a certain amount of Asp that is less reactive), we compared the concentrations of Asp to concentrations of THAA in all samples (Suppl. Fig. [S7](#MOESM1){ref-type="media"}). Since Asp was linearly related to the total sedimentary THAA over the full spectrum of concentrations encountered in the present study (*R* ^2^ = 0.94), we conclude that Asp is equally reactive as THAA in all samples, and hence, there is functionally only one pool of Asp in necromass. Since microbial necromass accounted for \>95% of total THAA-N, it was considered appropriate to use the total Asp pool to evaluate the reactivity of Asp in necromass.

For accurate model calculations, sedimentary D:L-Asp ratios should deviate from ratios found in pure biomass, but also from ratios that would be expected from abiotic racemization only. D:L-amino acid modelling was only performed on samples that fulfilled this requirement.

Input parameters to the D:L-amino acid model that were empirically determined for each sample were the abundances of vegetative cells and endospores, the sedimentary concentrations of THAA, total Asp and D- and L-Asp, and the fraction of Bacteria over Bacteria + Archaea (this fraction was only determined for four of the nine cores; for the remaining cores, we assumed equal contributions of Bacteria and Archaea as recently suggested^[@CR11]^).

Input parameters that were taken from literature values were the cell-specific amino acid-carbon content (we used the same value for vegetative cells and endospores), the cell-specific D:L-Asp ratio in subsurface microorganisms, and the racemization rate constant of Asp, k~i(Asp)~. Since k~i(Asp)~ is strongly dependent on temperature, the bottom water temperatures at the coring locations or downcore sediment temperatures were measured and translated into the corresponding k~i(Asp)~.

Because of strict quality controls in all of our HPLC analyses, we are confident that the uncertainty of the input parameters that are based on quantifications of amino acids or DPA in our lab (concentrations of THAA and Asp in sediment, the sedimentary and cellular D:L-Asp ratios, the cell-specific THAA-C content, the k~i(Asp)~, and the endospore abundance) is low. Since higher uncertainties can be expected from vegetative cell counts, the data presented here are mean values of 2--3 replicate samples.

In our recent work, we have provided new and different data on the following input parameters to the D:L-amino acid model: (*i*) the racemization rate constant, k~i(Asp)~, of sedimentary protein-bound Asp^[@CR12],\ [@CR13]^ instead of free Asp^[@CR28]^, (*ii*) a mean cell-specific amino acid-carbon (THAA-C) content for sub-seafloor vegetative cells of 1.03 fmol THAA-C per cell^[@CR14]^ instead of 4.04 fmol THAA-C per cell^[@CR5]^, and (*iii*) a mean cell-specific D:L-Asp ratio in subsurface microorganisms of 0.014^[@CR15]^ instead of 0.086^[@CR5]^. These improved input parameters were used together with qPCR-based estimates of the fractions of Bacteria and Archaea in the samples. The fraction of Bacteria among the total microbial community may have implications for the model since Bacteria contain small amounts of D-amino acids in their cell wall complex, whereas Archaea do not contain such structural D-amino acids. Importantly, these D-amino acids are a product of bacterial anabolism and cell synthesis of cell wall complexes and are not a product of random abiotic racemization.

With this study, the mathematical model itself was improved in the following way: we included both racemization from the L- to the D-form of Asp and from the D- to the L-form. In an earlier version of the model, the back reaction of the D-form to the L-form was not taken into account^[@CR5],\ [@CR6]^. The factor by which the degradation rate of microbial necromass had been overestimated by not including the back reaction from D-Asp to L-Asp is up to 2 for the million-year-old samples from the Peru Margin, (see Supplementary Information for more details).

The new formula to calculate the microbial necromass degradation rate, *r*, which takes into account the back reaction from D- to L-Asp, is:$$\documentclass[12pt]{minimal}
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                \begin{document}$$r=-{k}_{i(Asp)}\times \,[{{\rm{NM}}}_{{\rm{Asp}}}]\times \frac{({B}_{Asp}-1)\times ({A}_{Asp}+1)\,}{({B}_{Asp}-{A}_{Asp})}$$\end{document}$$

A detailed model description and the full mathematical formulations of the D:L-amino acid model can be found in the Supplementary Information of ref. [@CR5]. The detailed derivation of the new formula given above can be found in the Supplementary Information.
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